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INFLUENCE OF ACTIVE GAS CONTENT IN POWDER ON MECHANICAL
PROPERTIES OF WORKPIECE BLANKS PRODUCED BY PLASMA
ADDITIVE TECHNOLOGIES

Purpose. Analysis of the influence of powder quality (content of active gases) on the level of mechanical
properties of workpieces produced by plasma additive technologies.

Research methods. Chemical composion of the powders was determined in accordance with regulatory document.

The presence of non-metallic inclusions and contaminants in the powders was determined visualy.

To quantify the oxygen in the powders, the vacuum extraction method was used in accordance with JCTY ISO
4491-4:2016. Oxygen and nitrogen gas analyser TC 500 (company LECO). Before being loaded into the dosing unit, all
powders were dried in an oven (temperature - 250°C, for 1 hour).

Samples (size 130x70x14 mm) were produced by additive growth by plasma powder surfacing (PPS) on a
specialised robotic device STARWELD 190H.

The chemical composition of the grown samples was determined by the spectral method using a SPECTROMAX
optical emission spectrometer according to standard methods in accordance with FOCT19863.1-19863.12.

The content of nitrogen and oxygen in the deposited metal was determined in accordance with TC 500 (company
LECO).

Microstructural analysis were carried out on the samples in the longitudinal and cross directions before and after
heat treatment, after etching in a reagent for electrowinning of heat-resistant alloys (HsPOs — 800 ml +CrO3 — 100ml).

The mechanical properties of the alloy were obtained on standard cylindrical samples according to TOCT 1497-
84, FOCT 1497-84, TOCT 10145-81s.

Results. The chemical composition of the deposited metal is determined by the chemical composition of the
powder. The content of oxygen and nitrogen in the deposited metal is determined by the content of these elements in the
powder itself, as well as by the protection of the weld pool with argon. It has been established that in the alloy DII-
648BU when the powder contains nitrogen in the amount of [N] > 0.03 wt. %, or oxygen in [O] > 0.02 wt. % in the
deposited metal at a temperature of 1100 °C, a significant decrease in its deformation capacity (¢ < 3.8 %) is recorded,
which under the influence of thermal stresses leads to the appearance of hot cracks, and as a result, we see a significant
decrease in the strength and plasticity in the longitudinal direction.

Scientific novelty. The influence of the quality of the alloy EII-648BH powder on the properties of workpieces
obtained using additive technologies has been established.

Practical value. The negative effect of the content of active gases on the mechanical properties of the grown
workpieces, established in this work, will allow to screen out powder with an unacceptable content of active gases ([N]
>0.03 wt. %, or oxygen in [O] > 0.02 wt. %) at the stage of incoming inspection.

Key words: additive technologies, plasma surfacing, mechanical propities, aircraft engines, growing.

processes with a small bath and short crystallisation
times. The melt bath dimensions are in the range of 10-

Additive growth processes by microplasma 1000 pm, and the cooling rate can reach 10% K/s. Thus,
deposition using powder can be thought of as melting the theory of welding and rapid curing can be used to

Introduction
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describe the process and curing conditions in additive
manufacturing [1].

Like most complex alloys, nickel-based alloys
solidify within a temperature range (soft zone) determined
by the liquidus temperature (beginning) and the solidus
temperature (end of solidification). This is due to the
different solubility of elements in liquid and solid state,
which leads to an increase in emissions from the initial
liquid composition and a decrease in the liquidus
temperature during solidification [2].

As long as the diffusion rate is sufficiently high to
maintain thermodynamic equilibrium at the solidification
front with the actual liquid temperature, the flat
morphology of the solidification front is maintained and
growth occurs [3]. Cooling rates in casting processes and
powder bed additive growth processes are typically too
high [4]. The actual temperature at the solidification front
falls below the local liquidus temperature and
thermodynamic equilibrium cannot be maintained. The
flat solidification front becomes unstable and cells begin
to form. With a further increase in the degree of
constitutional hypothermia, dendritic morphology is
favoured over cellular morphology. As long as the heat is
dissipated through the solid, directional growth takes
place and a columnar dendritic solidification structure
develops. Once the constitutive supercooling becomes
high enough so that heat is dissipated through the liquid,
multiple nucleation centres can form and equirectly axial
dendritic growth begins [2, 5]. As the curing rate
increases, the potential for maintaining thermodynamic
equilibrium through diffusion decreases, and the range of
natural supercooling increases. This is reflected in the
influence of two combined parameters on the curing
structure: the ratio of the temperature gradient and the
curing rate

The specifics of transfer, heating and melting of the
filler ~ material  (powder) primarily  distinguish
microplasma powder surfacing from other surfacing
methods with a consumable and non-consumable
electrode [6].

The thermal cycle can be divided into a
crystallisation process with liquid-solid interaction and a
process that takes place in the solid state after complete
crystallisation [7].

The solidification process is determined by the
solidification conditions at and around the solidification
front as well as the elements involved and the forming
phases. The solidification conditions are a consequence of
the melt bath geometry and the process conditions (liquid
volume, heat flow and direction, etc.). In combination
with the thermophysical properties of the elements
present (liquid and solid solubility, diffusion coefficients,
etc.), both aspects determine the morphology of the
solidification front. From there, the type and scale of the
curing structure (microstructure) [2, 8].

The process of growing workpieces by microplasma
powder surfacing (MPS) can be represented as a set of the
following technological stages of a nickel heat-resistant
alloy that have a significant impact on the properties of

the grown workpiece:

1) production of cast metal by vacuum induction
smelting;

2) producing filler powder by spraying a cast billet;

3) applying a certain amount of deposited metal to
the surface of the workpiece to be grown by means of
compressed arc surfacing [9].

The first two technological stages affect the
chemical composition of the deposited metal and impart a
certain ‘heredity’ in the form of the content of impurity
elements of oxygen and nitrogen. This will ultimately
have a significant impact on the welding and
technological properties of the dispersed additive, the
energy conditions for the formation of the weld pool and
the specified cross-section of the metal to be deposited.
The third process step has an impact on the stress-strain
state and technological strength of the grown workpiece
[10].

Problem statement

The use of plasma powder surfacing is a promising
method of manufacturing workpieces for aircraft engines,
which allows for high accuracy of geometric shapes and
reduced material waste. However, the process of forming
the deposited metal is accompanied by a number of
challenges that affect the quality of the final parts. One of
the main factors affecting the mechanical properties of
products is the chemical composition of the powder, in
particular, the content of active gases such as oxygen and
nitrogen.

The urgency of the task is the need for an in-depth
analysis of the influence of the chemical composition of
powders on the processes of microplasma surfacing of
heat-resistant nickel alloys. It is known that an excessive
amount of oxygen and nitrogen in the powder leads to a
decrease in plasticity, increased brittleness and the
occurrence of cracks in the deposited metal. This, in turn,
significantly limits the use of such materials under high
mechanical and thermal loads.

The aim of the study is to determine the relationship
between the content of active gases in powders and the
structure and properties of the deposited metal, as well as
to assess their influence on the level of mechanical
characteristics of the workpieces obtained by plasma
additive growth.

Research objectives:

- analysis of the chemical composition of powders
and deposited metal to determine the content of active
gases;

- assessment of the influence of oxygen and nitrogen
on the crystallisation processes of the deposited metal, in
particular on the formation of the microstructure and its
defects;

- investigation of the relationship between the
content of active gases in powders and the mechanical
properties of workpieces grown by microplasma
surfacing;

- development of recommendations for ensuring the
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stability of mechanical properties by controlling the
content of active gases in powders.

The results of the study are expected to identify the
permissible limits for the content of active gases in
powders and develop recommendations for improving the
plasma powder surfacing technology. This will help to
improve the reliability and performance of parts produced
by the additive growth method, in particular for use in
aircraft engines.

Results and discussion

The objects of study were powders from the nickel-
based heat-resistant alloy XH50BMTIOB-BA
(OI1648BHN) of five different batches. The chemical
composition and content of oxygen and nitrogen in the
powder are given in tables 1 and 2.

As can be seen from Table 2, the oxygen content is
highest in powder Ne 5 (0,=0.026%), and lowest in
powder Ne2 (0,=0.0054%). The nitrogen content is
highest in powder Ne 1 (N»=0.0358 %), and the lowest in
powder Ne 3 (N2=0.0191%).

Table 1 — Chemical composition of powders

No Content of elements, %

- Mo w Cr Al Nb Ti Ni
1 3.25 49 33.7 0.6 1.0 0.7

2 2.9 4.7 32.8 1.0 1.0 0.96 ®
3 3.3 5.0 33.2 1.0 1.1 1.0 _rg
4 3.0 4.9 34 0.7 0.9 0.8

5 3.2 5.0 33.8 0.9 0.8 0.9

Table 2 — Gas content of powders

No Gas content, %

- 02 N2
1 0.0196 0.0358
2 0.0054 0.0271
3 0.0085 0.0191
4 0.015 0.0215
5 0.026 0.0230

In addition, it should be noted that the high content
of oxygen and nitrogen in powders can be the result of
insufficiently controlled conditions of their manufacture
or storage. It is important to bear in mind that even
minimal fluctuations in the content of these gases can
have a significant impact on subsequent stages of the
technological process, including the formation of the
deposited metal and its mechanical properties.

The chemical composition of the deposited metal
and gas content are presented in tables 3, 4.

Table 3 — Chemical composition of the deposited
metal

No Content of elements, %

B Mo W Cr Al Nb Ti Ni
1 312 | 472 | 346 | 0.62 | 0.98 | 0.72

2 297 | 481 | 33,6 | 097 | 1.03 | 0.98 ®
3 3.23 | 487 | 34.2 0.9 1.07 | 0.96 _c-‘g
4 | 3.08 | 497 | 334 | 0.72 | 0.93 | 0.83

5 3.13 4.9 332 | 0.93 | 0.81 | 0.88

From all five powders, samples of the following
sizes were grown on the STARWELD 190H using the
MPS method at the same modes 140/70/14 mm.

Table 4 — Gas content in the weld metal

No Gas content, %
- 02 N2
1 0.02436 0.0818
2 0.0068 0.03323
3 0.1093 0.02267
4 0.0187 0.02715
5 0.031 0.0290

After growing, the samples were heat treatment in
the following modes: hardening (Th = 1140 % 10°C,
T = 4 hours, air cooling); ageing (Ta. = 900°C,
t =16 hours, air cooling).

From tables 1 and 3, we can see that the difference
between the chemical elements in the powder and in the
deposited metal is insignificant and is within the range of
1-5%. Therefore, it can be concluded that the chemical
composition of the deposited metal is determined by the
chemical composition of the powder.

It should be noted that even minor deviations in the
chemical composition, such as increased oxygen or
nitrogen content, can affect the final properties of the
product, contributing to the formation of microstructural
defects, such as carbides or nitrides. This emphasises the
need to optimise the composition of powders to reduce
the impact of impurities.

From tables 2 and 4 and the shielding gas, we can
see that the difference between the oxygen and nitrogen
content of the powder and the deposited metal is in the
range of 20-30%. Based on this, it can be concluded that
the content of oxygen and nitrogen in the deposited metal
is determined by the content of these elements in the
powder itself, as well as by the protection of the weld
pool with argon (quality of argon and stability of its
supply).

It should be noted that an increase in the content of
active gases in the deposited metal compared to the
powder can also be caused by technological factors of
external contamination or insufficient equipment
tightness. This feature requires not only enhanced control
over the shielding gas supply conditions, but also proper
purity of the argon used during surfacing.

The samples were made after heat treatment, the
tests were carried out in the longitudinal and cross
directions relative to the growth layers, and the following
results were obtained [11, 12]:
for powder Nel:

- cross direction: o,= 878.1 MPa; co.= 532,1 MPa;
&= 16.4 %; y=15.2 %;

- longitudinal direction: oy = 443.9 MPa;
co.2= 485.1 MPa; §=2.2 %; y=5.9 %;
for powder No2:

- cross direction: oy = 918.3 MPa; 602 = 625.2 MPa,;
&= 20.6 %; y=26.0 %;
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- longitudinal direction: oy = 873.1 MPg;
60.2= 457.1 MPa; 6=13.8 %; y=15.8 %;
for powder Ne3:

- cross direction: oy = 883.0 MPa; co2= 633.1 MPa,;
6=23.7 %; y=42.3 %,
- longitudinal direction: oy = 906.5 MPa;
60.2= 689.9 MPa; 6=12.8 %; y=17.8 %);

for powder Ne4
- cross direction: oy = 945.7 MPa; co.= 645.8 MPa;
&= 18.7 %; y=24.7 %;

- longitudinal direction: oy, = 799.7 MPa;
60.2= 535.1 MPa; 6=9.2 %; y= 16.8 %;

for powder No5:
- cross directionn o, = 883.0 MPg;

60.2= 633.08 MPa; 6= 23.7 %; y=42.3 %;
- longitudinal direction: oy = 5753 MPg;
c0.2= 501.8 MPa; 6=2.8 %; y=9.1 %.

It should be noted that for specimens Ne 1 and Ne 5,
we can see a significant decrease in strength in the
longitudinal direction (for Ne 1 — more than two times; for
Ne 5 — one and a half times), and plasticity is practically
absent. The cause of the brittle fracture of the longitudinal
specimens are the cracks detected during the
metallographic examination. During testing, the load on
the longitudinal specimens is applied perpendicular to the
cracks, which leads to their development and subsequent
fracture of the specimens. Metallographic studies confirm
that the high content of active gases in the powder
contributes to the formation of cracks in the deposited
metal, which are concentrated at the grain boundaries.
This directly affects the ductility and strength in the
longitudinal direction. On the contrary, powders with a
minimum content of active gases demonstrate better
mechanical properties due to a reduction in the likelihood
of defect formation.

On cross-sectional specimens, the stress is applied
along the cracks, so they do not have a significant impact
on the mechanical properties.

Metallographic examination of the microgrooves of
samples Ne 1 and Ne 5, made in longitudinal and cross
sections, revealed cracks.

After electrolytic etching of the grinds in a 10%
oxalic acid solution, it was found that the cracks
developed along the grain boundaries along the heat sink,
across the layers (fig. 1). In the areas of crack
propagation, accumulations of large carbides along the
grain boundaries are observed (fig. 2). It should also be
noted that the crack surfaces have smoothed melted edg-
es.

The fracture fractogram shows that almost the entire
fracture surface (~98 %) of the opened crack is
characterised by a smoothed «melted» surface, which is
typical for hot crack fractures (see fig. 2). There are small
individual areas with a cellular structure, which is
characteristic of plastic fracture (see fig. 2).

The fractographic analysis also shows the
importance of proper thermal cycle control during the
surfacing process. The cyclical heating typical of repeated

surfacing can increase the tendency to crack formation,
especially in materials with high oxygen and nitrogen
content. Optimising cooling and heat treatment conditions
can significantly reduce the risk of such defects.

c
Figure 1. Crack on the samples: a — unetched grinding, x50;
b — unetched grinding, x200; ¢ — grinding after etching, x500

Figure 2. Fracture pattern of an open crack
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It is known that in the process of multilayer
surfacing, the surface of several previous rolls under the
weld pool is reheated to temperatures of 1100-1200°C
(fig. 3), and under conditions of transverse vibrations,
such cyclic reheating can also be present for the already
pre-crystallised metal behind the weld pool of the
deposited roller [13, 14]. Under these conditions, the
tensile welding deformations with residual stresses are
added up in the above-mentioned zones of the deposited
metal. In the case of a sufficiently high stiffness of the
additive structure, when their total value exceeds the
relatively small deformation capacity of the deposited
metal with a high content of dissolved gases within the
temperature of 1100°C, during repeated heating of the
deposited metal, its destruction occurs by the mechanism
of «ductility dip cracking» (classification according to
[15-16].

Tmax>Tm

2 mm \ ‘

] ————— Tmax = 1200°C
/ Tmax = 1100°C

Figure 3. Temperature of the previous rollers under
the weld pool

Thus, if the nitrogen content is [N] > 0.03 wt. % in the
initial filler material, or oxygen in [O] > 0.02 wt. % in the
welded metal of heat-resistant nickel alloys at a
temperature of 1100°C, a significant decrease in its
deformation capacity (& < 3.8%) is recorded.

Conclusions

1. It has been established that the content of active
gases ([O] and [N]) in the powder of the 3IT 648 BU alloy
significantly affects the mechanical properties of the
workpieces obtained by the plasma additive growth
method. At the same time, the chemical composition of
the deposited metal is determined by the chemical
composition of the powder, which is confirmed by
minimal deviations within 1-5%.

2. It has been proved that an excess of nitrogen [N]
> 0,03 wt.% or oxygen [O] > 0,02 wt.% in the powder of
the DI1-648BU alloy leads to the formation of hot cracks
in the deposited metal at a temperature of 1100°C. This
causes a significant decrease in its deformation capacity
(e £ 3,8%), which, in turn, affects the reduction of
strength and ductility in the longitudinal direction.

3. The microstructure of samples with a high content
of active gases shows a tendency to form cracks that
develop along grain boundaries. In the cross direction, the
samples retain better mechanical properties due to less
cracking. The cracks have melted edges characteristic of
hot cracks, which confirms the fracture mechanism of
«ductility dip cracking».

4. The content of oxygen and nitrogen in the
deposited metal increases by 20-30% compared to the
powder, which indicates the importance of argon quality
and stability of its supply. The use of high-quality

shielding gas is critical to reducing the risk of defects.

The results of the study can be used to improve the
technology of plasma powder surfacing by:

- selection of powders with acceptable limits of
active gas content ([O] < 0,02 wt.%, [N] < 0,03 wt.%);

- ensuring a stable thermal cycle during surfacing to
avoid hot cracks;

- use of high-quality protective argon to minimise
the penetration of oxygen and nitrogen into the weld
metal.

Thus, the results of the study provide a scientific and
technical basis for optimising the conditions of additive
growth, which allows to improve the quality and
reliability of aircraft parts.
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Mema pobomu. Ananiz éniugy AKOCmi NOPOWKY (6MICT AKMUBHUX 2A318) HA piBeHb MEXAHIYHUX 61ACMUBOCTHElU
3a20MO0BOK, OMPUMAHUX MEMOOOM NIAASMOBUX AOUMUGHUX MEXHOIOI.

Memoou oocnioxncennan. XimiyHuil CK1a0 NOPOUIKI68 BUSHAUAU Y 8IONOBIOHOCMI 30 HOPMAMUBHUMU OOKYMeHma-
mu: FOCT 17745, OCT 1 90134, OCT 1 90136, OCT 1 90137, OCT 1 90138.

Hasenicms nememanesux kitouens i 3a0pyoHenb 8 NOPOUKAX BUSHAUANU WUTIAXOM 3068HIUHBO2O 02TI510).

Jna KinbKiCHOI OYIHKU KUCHIO ) NOPOWKAX 8UKOPUCIIOBYBANU MEMOO 8aKYYMHOI eKcmpakyii y ionogionocmi i3

JICTY ISO 4491-4:2016. I'azoananizamop kucuio i azomy TC 500 (pipma LECO). [leped 3a6anmaxicenusm y 003amop
YCMAHOBKU YCI NOPOWKU NPOUULIY Onepayiio npocyuilyeanus y neui (memnepamypa — 250°C, eénpo0oedic 1 200unu,).

3pasku (posmip 130%70x14 mm) Oyau 6ucomosieHi AOUMUSHUM GUPOULYBAHHAM MemMOOOM NIA3MOB0I NOPOUKOBOT

nannaexu (MIIH) na cneyianizosaniit pobomuzosaniti ycmanosyi STARWELD 190H.

Ximiynutl cknao supoujeHux 3pasKie UHAYANU CHEKMPATLHUM MeMOOOM 3 GUKOPUCTNAHHAM ONMUKO-eMICIliHO20
cnexmpomempy SPECTROMAX 3a cmandapmuumu memoouxamu y ¢ionogionocmi 3 I OCT19863.1-19863.12.

Buicm azomy ma xucuro y nannasnenomy memani susnauanu y gionogionocmi TC 500 (pupma LECO,).

MixpocmpyKkmypHuil ananiz nposoouUscs Ha WIiPax y N063008XHCHLOMY MA NONEPEUHOMY HANPAMAX 00 Ma Nicis
mepmooO6poOKU, NICs MPAGIeHHs Y peakmusi 07 eleKkmpompagienus scapomiynux cniagie (HaPOs — 800ma+CrOs —

100m).

Mexaniuni énacmugocmi cniagy 6U3HaA4aIUu Ha cmManoapmuux yuninopuunux spaskax no I'OCT 1497-84, TOCT

1497-84, T'OCT 10145-81.
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Ompumani pesynomamu. Ximiunuii CK1a0 HANIAGLEHO20 MEMAaly 3a0aEmbCsl XIMIYHUM CKIA00M ROPOWKY. Bumicm
KUCHIO MA a30MYy Y HANIAGICHOMY MEMAi 3d0a€MbCsi BMICIOM KUCHIO MA A30MY Y CamMoMy NOPOWIKY, d MAKOIC 3aXU-
CIMOM Npu HANNABNEHHI 36aPI08ANbHOIL 8aHHU ap2oHOM. Becmanoeneno, wo 6 cnnasi OI1-648BHU npu emicmi y nopowky 3
asomy y kinekocmi [N] > 0,03 sae. %, abo xucuto y [O] > 0,02 eae. % 6 nannasnenomy memani npu memnepamypi
1100°C  ghixcyemoes 3naune 3HudicenHs 1020 oegpopmayitinoi 30amuocmi (€ < 3,8 %), wo nio 61ueom mepmiuHux Ha-
npye npuzgooums 00 NOAGU 2apauux MpiwuH, a K HACIIOOK Y NO3008AHCHLOMY HANPAMI MU O6AYUMO 3HAUHE NAOIHHSA

MiyHOCI ma NAACMUYHOCHII.

Haykoea nosusna. Bcmanoeneno enaus axocmi nopowky cnaagy EII-648BU na enacmugocmi 3a20moeox, ompu-

MAHUX 30 AOUMUBHUMU MEXHOLO2ISAMU.

IIpakmuuna yinnicms. Bcmarnognenuii 8 pobomi HecamusHU 8NIUE BMICTY AKMUBHUX 2A3i8 HA MEXAHIYHI 61dc-
mueocmi BUPOUWEHUX 320MOBOK 00380aUMb HA CMAJIL 6XIOHO20 KOHMPOTIIO 8IOCIAMU NOPOULOK 3 HENPUNYCIMUMIM 8Mi-
cmom akmusHux 2azig ([N] > 0,03 eaz. %, abo xucurwo y [O] = 0,02 sae. % ).

Kniouosi cnosa: aoumueni mexHonocii, niazmose HaniaeieHHs, MEXaHiyHi 61acmueocmi, agiayitini 08uyHuU, 8Upo-

WYy6aHHs.
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